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Absrmct-Multiple access haled on orthogonal fmqurncydivirion multi- 
piezing (OFIXM), or OFDMA, m s b l n  maltipk users to slmoManmos@ .E- 
cess the media by using different ruhrarrirrs. This lends IO the eonvenknl 
rralizatian of molti-chmnrl ALOHA, in which rseh mer transmits with a 
group of subcarriers In this paper, we first introduce the multi<hsnnri 
sbtted ALOHA algorithm to OFDM, which is called OFDMA-brwd multi- 
channel *LOHA (OMC-ALOHA). Since ALOHA is an unstable algorithm. 
we show OMC-ALOHA is also unstable. To wive this slnbility pmblrm, we 
extend the prrudc-Baynian dgorithm to achieve stabilized OMC-ALOHA. 
1. INTRODUCTION 
In this paper, we consider user random access to a base sta- 
tion. ALOHA is one of the most important algorithms for ran- 
dom access [I]. ALOHA is commonly smdied under a single 
channel assumption, in which user contention happens over only 
one channel. In the single channel slotted ALOHA, users trans- 
mit packets in fixed length time slots. When only one user ac- 
cesses the time slot, the user packet can be correctly received by 
the base station. When more than one users transmit at the same 
time slot, collision occurs. Contending users are informed about 
the collision, and user packets are retransmitted in future slots. 
ALOHA has also been considered formultiple channels [MC- 
ALOHA). With multiple channels, more than one packet can be 
transmitted at the same time, which means higher throughput 
than the single channel case. In previous work [2]-[6], MC- 
ALOHA i s  achieved through either FDMA [3], [4],’[5] (fre- 
quency division multiple access) or CDMA [6] (code division 
multiple access). In FDMA, the frequency spechum is seg- 
mented into channels, while in CDMA, users employ different 
spreading codes. Both the FDMA and CDMA methods have 
drawbacks. For FDMA, guard bands have to be inserted be- 
tween neighboring channels. The use of guard band reduces 
spect” utilization. In CDMA, the interference between users 
is inevitable. Even with orthogonal codes (such as Walsh codes), 
orthogonality is lost at the base station because of multipath. 
The interference among users increases packet error rate and re- 
duces the effective throughput. However, there lies another diffi- 
culty for MC-ALOHA that is often neglected by previous work. 
In MC-ALOHA, the selection of a retransmission probability or 
a transmission channel depends on the collision state of all the 
channels. The channel state information is carried by the feed- 
back message from the base station. Since a user is linked with 
one channel at a time, it is hard for the user to be aware of the 
state of all channels. This difficulty creates much complexity in 
conventional MC-ALOHA. 
The above difficulties are non-existent with OFDM (orthog- 
onal frequency division multiplexing). The OFDM system is 
composed of a single carrier divided into multiple subcarri- 
ers through fast Fourier transform (FFT). With accurate syn- 
chronization, each subcarrier is orthogonal to other subcamers. 
Therefore, multi-channel ALOHA can be achieved through par- 
titioning all subcarriers into subcarrier gmups, with each gmup 
being a channel for random access. In OFDM based multi- 
channel ALOHA (OMC-ALOHA), channels are orthogonal, as 
in FDMA. The difference is that there is no guard band. Most 
importantly, the feedback message (from the base station) for all 
the channels can be received by all users. Thus the channel state 
information is available to all users. This eases the decision for 
channel selection at the user side. 
OFDM is a promising technology for wireless networks. It 
has been adopted for digital broadcast and in wireless LAN stan- 
dards. Multiple access based on subcamers provides an addi- 
tional option beyond time slots for user random access in OFDM 
networks. To the best of our knowledge, we are the first to pro- 
pose multi-channel ALOHA using OFDM. 
We consider OFDM used in wireless LAN environment, 
where users contend to send packets to the base station. In our 
scheme, all subcarriers are divided into channels. Each channel 
has the same number of suhcamers. A user selects a channel 
with equal probability, and waits for the feedback message from 
the base station. This is similar to ALOHA for a single channel 
system. However, ALOHA,is an unstable algorithm. In single 
channel ALOHA, one method to achieve stability is to estimate 
the number of contending users and adjust the retransmission 
probability. For OMC-ALOHA, it is possible for users to mon- 
itor the channel status of all channels, which simplifies retrans- 
mission control. We develop a stability algorithm based on the 
pseudo-Bayesian algorithm in [IO]. 
This paper is organized as follows. In Section 11, we review 
the background of OFDM system. In Section 111, we introduce 
OMC-ALOHA, and analyze its performance. In Section IV, we 
propose a stability algorithm for OMC-ALOHA. In Section V, 
we present numerical results. In Section VI, we conclude the 
paper. 
11. BACKGROUND 
We consider a wireless system using OFDM. The operation 
of OFDM is sketched in Fig. I .  User data bits are first mapped 
to complex symbols. The complex symbols are then converted 
from serial to parallel. The symbol stream, 5’1, Sz, . . ., S, 
corresponds to the occupation of subcarriers. Each symbol oc- 
cupies one subcarrier, as s h o m  in Fig. 1. The IFFT block in 
Fig. 1 transforms the frequency domain representation into time 
domain representation. Then the time domain symbols are con- 
verted from parallel to serial. A cyclic extension is added to 
remove the inter symbol interference (1%) between sequential 
OFDM symbol blocks. More details of OFDM can be found in 
[7] and [SI. 
In OFDMA, the subcarriers are grouped into non-overlapping 
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Fig. I. Operation ofOFDM. 
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Fig. 2. Channel and dot NcfYre based on OFDM. 
sets of subcarriers. We call one set of subcarriers a channel, 
as shown in Fig. 2. Since subcamers are orthogonal, different 
channels are also orthogonal. Further, guard band is not needed, 
which is an advantage over conventional FDMA. 
111. OFDM-BASED MULTI-CHANNEL A OHA 
A.  System Description 
The system we consider is a wireless LAN type environment. 
Mobile terminals access network resource through a base sta- 
tion. OFDM is used for both uplink (from mobiles to base sta- 
tion) and downlink (from base station to mobiles), Let the total 
number of camers be N .  The N carriers are divided into M 
channels, each having $ contiguous subcarriers. Users transmit 
in fixed length time slots. A time slot lasts for several OFDM 
symbol time. Figure 2 shows a time slot with 16 subcarriers 
divided into 4 channels. 
At the base station, aRer receiving uplink user packets, a feed- 
back frame is sent over the downlink. The downlink OFDM 
symbols are organized into channels with a one-to-one corre- 
spondence to each uplink channel. The operations for the uplink 
uplinL rlol for random -ss downlinL feedback G m c  
Fig. 3. Illustration ofthe uplink and downlink. 
and downlink are illustrated in Fig. 3. The feedback message for 
a channel indicates the state ofthe channel in the last uplink time 
slot. Specifically, the channel state has three possibilities, idle, 
success or collision. We do not consider the capture effect. 
The downlink feedback frame is received by all users. In 
OFDM, the data on all subcamers is available to every user. 
Thus a user has the information of  the feedback messages for all 
channels. This is different From FDM. In FDM, the channels are 
physically separated by different frequency bands. Thus a user 
is unaware of the channel status of other channels that is not 
operating on the same Frequency band. Although it is possible 
for the feedback messages to be broadcast over all channels, the 
approach is inefficient, especially when contrasted with OFDM. 
In this paper, we follow the common assumptions for 
ALOHA. Each user has a buffer to store one packet. When more 
than two users choose the same channel at the same time slot, 
all packets are lost. The capture effect is not considered. A user 
with stored packet is called a backlogged user. At a time slot, the 
retransmission probability for a backlogged packet is p. The 
number of unbacklogged users having new packet arrival has a 
Poisson distribution, with arrival rate A. 
B. OMC-ALOHA Algorithm 
In our scheme, when a user has a packet to transmit, the user 
has a transmission probability of p?. Once a user decides to 
transmit, the user should choose a channel from all M channels. 
Let p ,  be the probability that channel n is chosen. In our OMC- 
ALOHA algorithm, we requirep, be uniform for all n, i.e., . 
p ,  = 1/M, fol-15 n 5  M .  
This design simplifies the channel selection. The central is- 
sue is on determining the transmission probability p,, which is 
discussed in the next section. 
C. Performance Analysis 
We first perform the basic performance analysis for OMC- 
ALOHA. We assume the number of packet transmissions in one 
time slot is a Poisson random nriable. The average attempt rate 
is G. Note the attempt rate is different from the new packet ar- 
rival rate A. Since the probability for a user to choose a channel 
is equal, the number of packet amvals at a channel is also Pois- 
son with rate GJM.  Therefore, the system throughput T, at a 
channel n can be expressed as 
102 
The overall throughput at a time slot is 
M 
T = E T n  
"=l 
= Ge-P,  (2) 
It is clear from Eq. ( I )  that the maximal throughput for a chan- 
nel is achieved when = 1 (or G = M ) ,  and max(T,,) = e-'. 
The maximal throughput of all M channels is Me-' ,  which can 
be viewed as system capacity limit. Obviously, the maximal new 
packet rate X should satisfy X < Me-' for a stable system. 
IV. STABILIZED MULTI-CHANNEL ALOHA 
A .  Basic Ideo 
is estimated as 
( 5 )  
max{X, Dt  + X - l}, furidleursucess 
'+I = { 2, + A +  ( e  - 21-1, for collision 
Users at slot k + 1 transmit with probability 
p,(k + 1) = min{l, I/&+I}. (6 )  
The new packet amval rate X is a parameter in (5).  Since the 
maximal throughput for slotted ALOHA is e - l ,  it  is required 
that X < eC1. In practice, X is unknown and should be esti- 
mated. However, it has been shown [ I  I]  that X can be chosen as 
a fixed value e-l, and stability is always achieved. 
C. Pseudo Bayesian Algorithm for OMC-ALOHA 
The ALOHA algorithm is an unstable a l g o r i ~ m  [9]. ~t the 
unstable state, the system throughput is very low, and user pack- t' When there are channels, obviously 
ets experience long delay, There has been much re- the maximal throughput is achieved when the Overall attempt 
for stabilizing the single channel ALOHA, The key is rate is M .  This is because users select a channel with equal 
to determine transmission probability through the probability. When the overall a n e w  rate is M x  the attempt 
feedback message from the base station, In little has rate for each channel is 1. Therefore, if the total number of at- 
been done for fie stability of multi.channel ALOHA, The Sta- tempting users is known as U, the transmission probability for a 
bility issue is discussed in [4]. In 151, a backoff algorithm is backlogged 
studied, because the s t a ~ s  of other channels is not needed in the 
backoff algorithm. 
For the single channel ALOHA, the feedback message is 
available to all users since all users share the same media. For 
MC-ALOHA based on FDMA or CDMA, message for a than. 
ne1 is not directly available to users in other channels. Although 
backor algorithm can be implemented for M C - A L ~ ~ A  ~~1 
even without overall channel information, better performance is 
expected for algorithms utilizing channel state information. In 
OFDM based MC-ALOHA, the channels are logical channels, 
users. Thus the stability control can be greatly simplified 
we extend the pseudo Bayesian algorithm from a sin& 
can be chosen as 
(7) 
To estimate U ,  we require each user estimate the number of 
a n e w &  Un, b + i  for a channel n, n = 1, . . . , M at time slot 
fi + channels 
IS available for all users, the estimate for evety channel - is pes- 
slble. Let Gn, k be the estimate at time slot k. Then UT k + l  is 
estimated as 
M 
U 
p ,  = min(1, -) 
- 
This is because the feedback message for 
+A. - I}, foridleursucess and the feedback messages for all channels are available for all 
Bayesian algorithm [IO]. Before elaborating on our methods, 
rithm, which is designed for the single channel case. 
U", k+l = + A. + (e - Z)-l, for collisia 
(8) 
In (8), A, is an estimate of the new packet arrival rate. Then the 
total 
- 
The stabilization algorithm we propose is based on the pseudo 
we first briefly introduce the original pseudo Bayesian algo- 
- 
rate is estimated as 
M - 
UkCl = gn,rC+l. (9) 
"=I B. Pseudo Bayesian Algorifhm 
The pseudo Bayesian algorithm heats new arriving packets 
as backlogged packets. Let the transmission probability be p,. 
attempt rate is just 
The transmission probability for each user is chosen as 
(10) 
When there are u users having backlogged packets, the overall 
G = up,. (3 ) 
M 
p,(k + 1) = min(1, 7). 
V. NUMERICAL RESULTS 
U h + l  
For the single channel case, we know the maximal throughput is 
achieved at C = 1. Therefore, ifthe number ofattempting users 
is know, pr  can be chosen as 
We consider an OFDM system that is divided into M chm- 
nels. We assume the number of users is infinite, and the new 
packet arrival is Poisson with a fixed rate X I .  This means when 
the system is unstable, backlog grows to infinity. The rate X is 
(4) normalized by Me-'. which is the system capacity limit. When 
the arrival rate is higher than Me-' ,  there will be infinite back- 
logs, Thus 
Tate is and For the simulation of(8), we 
1 
p ,  = -. 
Y 
Since ALOHA is a distributed algorithm. can only be esti- 
mated. The pseudo Bayesian algorithm provides an estimate D 
for u based on the feedback message from the base station. Let 
the estimate o f u  attime slot k beGk. At time slot k + 1, Bkil 
stability is possible only when the 
'NoietheamvaIrateXirdiffncntfromthsanrmptratcG. 
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Fig. 4. Average throughput of the stabilized OMC-ALOHA for channels of 
M = l a n d  M = 8. 
set A, = e-l. The performance of the algorithm is character- 
ized by the average throughput and average backlog. The aver- 
age throughput is the average number of successful channels in 
a time slot normalized by M. The average backlog is calculated 
as the total number of backlogs divided by the total number of 
packets. The results are calculated based on the run of 100,000 
time slots. 
We first show the throughput and backlog of the proposed 
algorithm. The average throughput for M = 4 and M = 8 are 
plotted in Fig. 4. The average backlog for M = 4 and M = 8 
are plotted in Fig. 5. 
From the two figures, we notice the performance is similar 
for different number of channels. This is because users select a 
channel with equal probability, and the arrival rate is normalized 
so that the average load for each channel i s  identical. Therefore, 
each channel will have the same performance. 
From Fig. 4, we notice the system throughput is a straight line 
for 0 < X < 1. This is expected. The throughput can be viewed 
as the departure rate. For a stabilized system, the d e p m r e  rate 
equals to the arrival rate. Thus Figure 4 shows the system is 
stable for all arrival rates of 0 < X < 1. In Fig. 4, we also 
plot the throughput for X > 1. When A > 1 ,  the system is 
unstable with infinite backlogs. However, the throughput can 
be guaranteed by our stabilization algorithm. From Fig. 4 we 
notice the throughput is stabilized around the maximal possible 
rate of e-l. 
Figure 5 shows the backlog is very small for small A. This 
is a characteristic of ALOHA, which provides low delay when 
there are few contending users. Figure 5 also demonstrates the 
delay is not significant for X as high as 0.8 or 0.9. This is an- 
other advantage from our stabilization algorithm which achieves 
low delay even for high arrival rates. This is superior to the 
non-stabilized algorithms that are presented later. When X ap- 
proaches 1, the delay increase dramatically. This is inevitable 
because the system operates at almost the capacity limit. 
Next we compare the performance of the stabilized OMC- 
ALOHA with that of the non-stabilized ALOHA. In the non- 
stabilized OMC-ALOHA, a new user always transmits immedi- 
10  
Fig. 5. Average backlog of the stabilized OMC-ALOHA for shannsln for M = 
4 a n d M  = 8 .  
l 
ately, while a backlogged user transmits with a fixed probability 
of p,. In Fig. 6, we plot the average throughput for M = 4, 
p ,  = 0.2, p? = 0.1, p ,  = 0.05, and the stabilized algorithm. 
For the non-stabilized algorithm, the average throughput is cal- 
culated after 10,000 runs of time slots. 
The non-stabilized algorithms exhibit similar throughput as 
the stabilized algorithm when the arrival rate is low. However, 
the throughput of the non-stabilized algorithm degrades dramat- 
ically when the arrival rate is higher than a threshold. This 
threshold depends on the retransmission probability p,. From 
our experiment, the system is very likely to be unstable when 
X > 0.8 for p ,  = 0.2, X > 0.85 for p ,  = 0.1, and X > 0.9 
for p ,  = 0.05. Thus, a lower pr leads to a more stable system. 
However, even with a small A, stability is not guaranteed by the 
non-stabilized algorithms. 
For the non-stabilized OMC-ALOHA, the system can easily 
enter the non-stable state for high arrival rates. Since we assume 
there is  no limit on new arrivals, the number of backlog can be- 
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Fig. 1. Comparison of average hacklog bcwecn stabilized and non-stabilized 
alporithr. 
come infinite when the system departure rate is lower than the 
amval rate. Because the attempt rate is a fixed portion of back- 
log plus the new arrival rate, the attempt rate also becomes in- 
finite with the backlog. Thus collision occurs for every channel 
at every time slot, and system throughput eventually tends to 0. 
In Fig. 7, we show the average backlog for the above four 
cases. It is clear that the stabilized algorithm is the best. When 
p ,  is chosen to he very small, the non-stabilized algorithm 
can maintain stability at high arrival rate. For example, when 
pr = 0.05, the maximal X can be 0.9 when system is stable. 
However, the average backlog is much higher than other values 
ofp,. Therefore, the stability and backlog optimization are two 
conflicting factors for the non-stabilized algorithm. However, 
for the stabilized OMC-ALOHA, the two factors can be jointly 
optimized, i.e., the algorithm is able to maintain stability with 
low backlog. 
From our experiments we conclude that the stabilized OMC- 
ALOHA can achieved much better throughput and backlog 
performance than the non-stabilized algorithm. The system 
throughput can be maintained even when the arrival rate exceeds 
system capacity. 
VI. CONCLUSION 
In this paper, we propose a multi-channel ALOHA algo- 
rithm based on OFDM. In OMC-ALOHA, multiple channels 
are formed through pmitioning subcaniers of an OFDM sym- 
bol. A user selects a channel with equal probability. To stabilize 
the algorithm, we extend the pseudo Bayesian algorithm from 
a single channel to OMC-ALOHA. The transmission probabil- 
ity for a user is calculated through estimating the number of all 
contending users. From numerical experiments, we show that 
the performance of the stabilized algorithm is much better than 
the non-stabilized algorithm. With the stabilized algorithm, the 
system is always stable when the amval rate is less system ca- 
pacity. Even when arrival rate is higher than capacity, system 
throughput can still be guaranteed. 
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